The present paper proposes high-speed laser plating for forming wire-bonding pads on a Cu leadframe using Ag nanoparticles. The novelty of the process lies in the implementation of drop-on-demand laser plating on the specially designed leadframe. Various aspects of the proposed method are investigated, including experimental set-up, multistep ink-jet printing, laser-plating parameters, quality of the sintered film, and wire bondability. It is found that both the quality of the sintered Ag pad and wire bondability are comparable to those of an electroplated Ag film when the near-infrared CW laser irradiates the pad for a short time of milliseconds. The superiority of the high-speed laser plating is confirmed from the viewpoints of material consumption, the necessity of pre-and post-processing, thermal damage to the pad and substrate, and environmental protection.
Introduction
Conventional fabrication of functional films for electronic wiring and electrode formation relies on wet processes such as liquid cleaning, chemical etching, and electroplating, which need plenty of energy and resources. For example, electroplating includes pre-and post-processing procedures such as alkali degreasing, acid pickling, electrolytic cleaning, water washing and drying. Besides, these conventional technologies are not compatible with the need for low-cost production and less environmentally harmful emissions. As an alternative to these wet processes, ink-jet printing with metal nanoparticles together with an additional metallization process are attracting much attention. [1] This printed electronics technology enables us to make conductive patterns by applying a small amount of metal nanoparticles only to the part where the functional film is required.
The conductive pattern is mainly obtained by a process of thermal curing, in which a large depression of melting point can be utilized; when the particle diameter is smaller than 5 nm, metallization takes place at a low temperature of below 250°C with a holding time of around 60 min.
However, thermal damage and adhesion to electronic substrates are problems to be solved. Recently, a process called laser sintering has been developed for gold or silver nanoparticles. [2] [3] [4] Densification of metal nanoparticles consists of such sequences as evaporation of solvents, decomposition of dispersant, necking of adjacent particles and grain growth. Near-infrared lasers with little absorption in the paste heat the substrate first, and develop metallization up to the paste surface. As a result, easy evaporation makes the sintered part denser, and interdiffusion between the substrate and sintered part yields firm adhesion. [5] In the present paper, the laser sintering method with Ag nanoparticles is proposed as a tool for the formation of wire-bonding pads on a copper leadframe. The 5-nm-particle silver paste is uniformly coated with ink-jet (IJ) printing as large as around φ100 μm on the leads. Then, metallization of the paste is completed with laser irradiation of a millisecond order. We name this functional-film formation process high-speed "laser plating" as an alternative to electroplating. The laser-plated film is observed and analyzed with FIB-SIM, TEM, XPS and laser scanning microscope (LSM), and its thickness and flatness as well as its metallographic structure are discussed. Then, wire bondability between the Ag pad and an Au wire is examined by a pull test. Finally, these experimental results are compared with those of furnace curing and electroplating.
High-speed Laser Plating
Laser plating is defined as metallization of nanoparticles with laser irradiation for the purpose of forming functional films. Basically, the process consists of the following:
(1) Metal nanoparticles with dispersant and solvents are pasted on the substrate by various methods including IJ printing and spin coating.
(2) A short preheating is necessary to remove organic substances in the paste. Previous findings show that sintering is largely affected by paste composition prior to laser irradiation; especially, the content of dispersant and solvents. [4] Bulk growth is boosted with less organic substances. Otherwise, insufficient sintering occurs or a porous structure is formed. An appropriate preheating condition was set at 100°C for 1 min on a hot plate when the silver NanoPaste ® (NPS-J, Harima Chemicals) was used. [6] Laser wavelength is another factor that influences sintering. [5] The Ag microstructure sintered by visible lasers, 488 nm and 532 nm in wavelength, was more porous than that sintered by near-infrared ones, 980 nm and 1064 nm in wavelength. The specific resistivity of the Ag film sintered by the near-infrared laser was about 5 μ Ω•cm, which is smaller than that produced by the visible one. The rapid metallization starting from the paste surface with the visible laser makes the removal of solvent and dispersant difficult, resulting in an insufficient sintering with large pores.
Near-infrared lasers with little absorption in the paste are more effective than visible ones in obtaining a dense metal structure. Metal nanoparticles prepared by a gas evaporation process have many advantages such as freedom from contamination, narrow size distribution, and broad range of metals. [1, 7] The silver NanoPaste ® (NPS-J, Harima Chemicals) was used in the experiment. The nanoparticles, being covered by a protective compound, or an amine-type dispersant, are very stable. The TEM image revealed that the size of nanoparticles was quite uniform with an average diameter of 5 nm. Neither aggregation nor precipitation leading to a broad size distribution was observed. Table 1 summarizes the properties of the paste used in the experiment. It has a metal content of around 65 mass%, and a viscosity as low as about 9 mPa•s. Round pad patterns of around φ100 μm have to be printed on the leads, and a flat pad surface with a thickness over 2 μm is required for wire bonding. However, it is well known that the "coffee stain phenomenon" takes place as a droplet of a nanoparticle colloidal solution dries. [8, 9] If the contact angle of the droplet is less than 90°, and the ambient conditions encourage droplet drying, the droplet has a maximum evaporation rate at the boundary. Due to temperature and hence surface tension gradients, there results an effective flow of nanoparticles to the boundary.
Experimental
When the droplet completely dries out, we are left with a ring-like stain of nanoparticles which decreases in concentration from the periphery inwards.
In order to form a thick, flat pad, we can make use of this effect by means of controlling discharge rate and substrate temperature during IJ printing, together with varying preheating conditions. Figure 7 shows the appearances of single-step IJ-printed and laser-sintered patterns: (a) an IJ-printed droplet after preheating at 100°C for 1 min, and (b) a laser-sintered one.
Results and Discussion

Single-step printing of 5-nm-particle Ag paste
The coffee-stain effect takes place: Ag concentrates at the periphery, forming a slight bank of around 0.5 μm in height; the thickness is 0.2 μm at the center. As can be seen in Fig. 9 , an XPS analysis revealed that the top surface consists of almost all Ag and the interface between the film and the copper substrate contains some oxygen. We have not yet identified the source of this oxygen. Some diffusion takes place at the interface to form a thin diffused layer, which probably causes firm adhesion to the substrate used without any pre-treatments.
Multistep printing of 5-nm-particle Ag paste
Using the multistep IJ printing as illustrated in Fig. 5, we can overcome the coffee-stain effect and achieve a thin, flat A more detailed profile of a lead and pad is shown in Fig.   11 . The LSM images make clear that the coffee-stain effect is almost resolved to yield a flat pad with a thickness of around 3 μm. The plateau is as large as φ100 μm, which is large enough for a φ10-25 μm wire to be bonded. However, a few undesired cracks and voids can be seen on the pad. Figure 12 shows the SIM image of the FIBed crosssection. Using the multistep IJ printing method, we can increase pad thickness from 0.2 μm to 3 μm. Note that the cross-section has been tilted by 30° for observation.
Although full crystallization is not achieved and a porous structure appears in the sintered Ag portion, it seems that firm adhesion is obtained at the sintered Ag and Cu substrate.
Wire bondability of laser-plated Ag pads
Wire bondability was examined between adjacent leads in the manner illustrated in Fig. 6 , in which the symbols, A to E, in the figure indicate where breakage takes place in the course of testing. Table 2 summarizes the pull strength when the IJprinted pads were prepared by preheating at 100°C for 10 min just before laser irradiation. The number of test samples was approximately 100. Very few wires separated from the pads; almost all broke at B or C. In the case of the multistep-printed pad, the average pull strength is 8.6 cN, and the minimum one is 7.0 cN.
In comparison, the electroplated pad has average bond strengths of 8.4 and 8.5 cN for the pad thickness of 0.2 and 2.0 μm, respectively, being close to the results of the laserplated film with the φ 5-nm-particle paste. In addition, breakage mode in the electroplated pad was more stable; every wire breakage occurred at the middle of the wire, or at B or C.
Regarding the reliability of the wire-bonded leadframe, the specimen exposed in an atmospheric electric furnace at a temperature of 150°C with a holding time of 1000 h showed no changes in pull strength and fracture modes:
i.e., the average pull strength of 8.5 cN was maintained, and separation did not take place at the pad; in all cases of breakage only the wire broke.
Comparison with furnace curing and electroplating
The IJ-printed Ag-nanoparticle paste can be metallized The problem is that the Cu substrate suffers a degree of oxidation during the curing process. An oxygen atmosphere is required for curing the nanoparticles because carbon in the dispersant is removed with oxygen. [7] We suggest that Cu may come up to the surface due to diffusion, leading to poor bondability. In fact, wire bonding to the furnace-cured Ag pad was not successful, and most of the wires easily separated from the pad at A or E in Fig. 6 .
In the case of the laser-plated leads, no such thermal problems took place in the laboratory.
We carried out wire-bonding to an electroplated pad using the same apparatus. Figure 13 (b) shows the FIBed cross-section of the electroplated Ag pad and Cu lead. Full crystallization has been achieved, but the Ag surface is rather rough: 0.27 μm in Ra and 2.75 μm in Rz, which is significantly higher than the laser-plated one: 0.09 μm in Ra and 1.51 μm in Rz (measured area: 100 μm × 100 μm).
Various pre-and post-processing procedures such as alkali degreasing, acid pickling, electrolytic cleaning, water washing and drying, are indispensable in conventional electroplating. In particular, the film plated on the side and back surfaces of a leadframe must be removed before wire bonding. Otherwise, a masking process must be added to the leadframe in the course of electroplating. In the proposed method, however, no such additional operations are required; the leadframe was used as it was, and the pad was formed only on the top face of the lead.
Summary
High-speed laser plating for forming wire-bonding pads on a Cu leadframe using Ag nanoparticles has been pro- It was found that the structural quality of the sintered Ag pad was almost the same as that of an electroplated Ag film, so that no difference in wire bondability was obtained when the near-infrared CW laser was irradiated for a short time: a millisecond order per lead. In comparison with furnace curing and electroplating, the superiority of the highspeed laser plating was confirmed from the viewpoints of material consumption (picoliter order), necessity of preand post-processing, thermal damage to the pad and substrate, and environmental protection.
As for the reliability of the wire-bonded leadframe, other environmental and endurance tests in addition to the hightemperature storage test mentioned above should be carried out to confirm the advantages of the high-speed laser plating for wire-bonding pad formation.
